Yeast cells respond to hyperosmotic stress by activating the high-osmolarity glycerol (HOG) pathway, which consists of two branches, Hkr1/ Msb2-Sho1 and Sln1, which trigger phosphorylation and nuclear internalization of the Hog1 mitogen-activated protein kinase. In the nucleus, Hog1 regulates gene transcription and cell cycle progression, which allows the cell to respond and adapt to hyperosmotic conditions. This study demonstrates that the uncoupling of the known sensors of both branches of the pathway at the level of Ssk1 and Ste11 impairs cell growth in hyperosmotic medium. However, under these conditions, Hog1 was still phosphorylated and internalized into the nucleus, suggesting the existence of an alternative Hog1 activation mechanism. In the ssk1ste11 mutant, phosphorylated Hog1 failed to associate with chromatin and to activate transcription of canonical hyperosmolarity-responsive genes. Accordingly, Hog1 also failed to induce glycerol production at the levels of a wild-type strain. Inactivation of the Ptp2 phosphatase moderately rescued growth impairment of the ssk1ste11 mutant under hyperosmotic conditions, indicating that downregulation of the HOG pathway only partially explains the phenotypes displayed by the ssk1ste11 mutant. Cell cycle defects were also observed in response to stress when Hog1 was phosphorylated in the ssk1ste11 mutant. Taken together, these observations indicate that Hog1 phosphorylation by noncanonical upstream mechanisms is not sufficient to trigger a protective response to hyperosmotic stress.
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Introduction
Under hyperosmotic stress, Saccharomyces cerevisiae maintains osmotic equilibrium via synthesis and accumulation of glycerol and other compatible osmolytes [1, 2] . This is accomplished by the activation of the high-osmolarity glycerol response (HOG) pathway, which is required for activation of the Hog1 mitogenactivated protein kinase (MAPK) by phosphorylation [3, 4] . The canonical HOG pathway includes two branches, SHO1 and SLN1, which converge at the Pbs2 MAPKK. The first branch includes the transmembrane protein Sho1 and the putative osmosensors, Hkr1 and Msb2 [5] [6] [7] , and under hyperosmotic stress it assembles a membrane-associated complex composed of the MAPKKK Ste11, the scaffold MAPKK Pbs2p, and Hog1. Other components of this branch are the GTPase Cdc42, Ste50, Ste20, and the membrane anchor protein Opy2 [8] [9] [10] [11] [12] . The second branch consists of a prokaryotic-like two-component system and is composed of the osmosensor histidine kinase Sln1, the phosphotransfer protein Ypd1, and the response regulator Ssk1. This system is activated under iso-osmotic conditions and is turned off under hyperosmotic stress [13] . The osmosensor Sln1 responds to changes in turgor pressure caused by exposure to high osmolarity [14] . Inactive Sln1 renders Ssk1 dephosphorylated, which activates the Pbs2-Hog1 module through activation of the redundant MAPKKKs Ssk2p/Ssk22p [13, 15] .
Under hyperosmotic stress, Pbs2 phosphorylates Hog1 on the Thr-174 and Tyr-176 residues located in the activation loop, which induces a rapid nuclear internalization of Hog1 [16] . Nuclear import of Hog1 requires the karyopherin-beta homolog of importin, Nmd5p, and the homolog of mammalian Rab GTPase (Gsp2) [16] . Activation of Hog1 is necessary for the regulation of the expression of genes specifically involved in glycerol metabolism such as GPD1, GPD2 (which encode glycerol-3-phosphate dehydrogenases), GPP1 and GPP2 (which encode glycerol-3-phosphatases), STL1 (which encodes the glycerol uptake transporter), and CTT1 (which encodes catalase 1) among many other genes [17, 18] . Hog1 also regulates several transcription factors that control osmoresponsive gene expression such as the transcription activators Hot1, Smp1, Msn1, and Msn2/Msn4, and the transcriptional repressor Sko1 [19] [20] [21] .
Hog1 also modulates transient arrest at several phases of the cell cycle, allowing the cells to adapt to hyperosmotic stress before progressing through the cell division [22, 23] . For example, it has been shown that Hog1 activates the Cdk inhibitor Sic1 and represses G1 cyclins in order to prevent entry into the S phase [24, 25] . Hog1 also delays the expression of cyclins at S phase and regulates DNA synthesis [26, 27] . Entry into M phase is also controlled by Hog1, which downregulates G2 cyclin [28] . Dually phosphorylated Hog1 controls all of these cell cycle phases by acting directly or indirectly on cell cycle regulators.
When the cell recovers from osmostress by restoring ionic balance through the accumulation of glycerol and other osmolytes [3, [29] [30] [31] , Hog1 is exported back to the cytoplasm. Export of dephosphorylated Hog1 requires the activity of the importin b homolog XPO1 [15, 32] . The proteins responsible for the inactivation of Hog1 are type 2C Ser/Thr phosphatases and protein tyrosine phosphatases (PTPs). The Ser/Thr phosphatases include Ptc1, Ptc2, and Ptc3, which dephosphorylate Thr-174 [33, 34] . The PTPs are the nuclear Ptp2 and the cytoplasmic Ptp3, which dephosphorylate Tyr-176 [35] . Ptp2 appears to be the main phosphatase responsible for Hog1 dephosphorylation, while Ptp3 is more important for Fus3 MAPK dephosphorylation [36] . In addition to their phosphatase activity, Ptp2 and Ptp3 act as Hog1 anchors in the nucleus and the cytoplasm, respectively [35] .
The architecture of the HOG pathway would lead to the prediction that Hog1 activation by hyperosmotic treatment will be abolished by inactivating both the SLN1 and the SHO1 branches. However, there is evidence for the existence of an alternative phosphorylation mechanism when the two branches are interrupted [37] [38] [39] . In some circumstances, this mechanism operates under severe hyperosmotic stress (1.4 M NaCl), but under these conditions phosphorylation and nuclear internalization of Hog1 are transiently unable to induce osmoresponsive gene expression [38] . Under other conditions, Hog1 can be transiently phosphorylated and is able to induce protection at high sorbitol concentrations, and at mid-range NaCl concentrations [39] .
In this study, we analyzed the effect of hyperosmotic stress on Hog1 activity in an ssk1ste11 double mutant in which the Sho1 branch is completely inactive and the Sln1 branch has been inactivated in the Ssk1 component of the Sln1 osmosensor responsible for the activation of the Ssk2 and Ssk22 MAP3Ks. We found that Hog1 can be transiently phosphorylated to near wild-type levels under severe hyperosmotic stress but it fails to induce a protective hyperosmotic response due to diminished transcription activity of hyperosmolarity-responsive genes, diminished glycerol production and defects in cell cycle regulation.
Results
Hog1 is phosphorylated in an ssk1ste11 mutant under high osmotic stress and this phosphorylation is dependent on the Ssk2/Ssk22 MAPKKKs Hyperosmotic stress leads to the activation of the HOG pathway through phosphorylation of the Hog1 MAPK. Phosphorylation of Hog1 is dependent on the scaffolding and kinase activities of Pbs2. Treatment of the pbs2 mutant with 0.8 M NaCl did not induce Hog1 phosphorylation. However, to our surprise we observed that this hyperosmotic treatment caused Hog1 phosphorylation in the ssk1ste11 double mutant (Fig. 1A) . In order to determine which upstream elements promoted Hog1 phosphorylation in the ssk1ste11 strain, we constructed mutants with inactive Sln1 and Sho1 branches lacking the three MAPKKKs Ssk2, Ssk22, and Ste11, respectively, and we compared their response to hyperosmotic treatment to that of the mutants containing either Ssk2/Ssk22 or Ste11. We found that exposure to 0.8 M NaCl induced Hog1 phosphorylation only in the ssk1ste11 mutant but not in those lacking Ssk2 and Ssk22; that is, Hog1 was not phosphorylated in the ssk2ssk22ste11 mutant, nor, as previously reported by Maeda et al., [8] , in the ssk2ssk22sho1 mutant, even when the latter mutant contained Ste11 (Fig. 1A) . This observation indicates that the phosphorylation observed in the ssk1ste11 mutant depends on the presence of Ssk2 and/or Ssk22 and that these kinases feed into Pbs2 in order to phosphorylate Hog1. To determine whether other elements of the HOG pathway system are needed in order to phosphorylate Hog1 in the ssk1ste11 mutant, we further inactivated Sln1 and Sho1. We found that Hog1 was phosphorylated when ssk1ste11sln1, ssk1ste11sho1, or ssk1ste11sln1sho1 cells were treated with 0.8 M NaCl (Fig. 1B) . This finding indicates that Hog1 (or Pbs2 and the Ssk2/Ssk22 MAPKKKs by extension) may be activated by an additional input independent of the Sln1 and Sho1 upstream proteins. According to the current model of Ssk2 activation, Ssk1 associates with Ssk2 under hyperosmotic conditions. This association triggers Ssk2 autophosphorylation and hence its activation [40] . Therefore, we asked whether Ssk2 could be phosphorylated in the absence of Ssk1 and Ste11. To answer this question we determined the phosphorylation status of a tandem affinity purification (TAP)-tagged version of Ssk2 by visualizing the mobility shift caused by phosphorylation of Ssk2 in a Phos-Tag gel. The hyperosmotic shock caused a migration shift of Ssk2 in both, the ssk1 and ssk1ste11 strains, indicating that Ssk2 was still phosphorylated (Fig. 1C) . We then explored the kinetics of Hog1 phosphorylation in the ssk1ste11 mutant in order to determine the magnitude of the hyperosmotic stress required to activate Hog1. To accomplish this, wild-type and ssk1ste11 strains were treated with increasing NaCl concentrations for 5 min and Hog1 phosphorylation status was determined. Phosphorylated Hog1 from the wild-type cells was detected with as low as 0.2 M NaCl, reaching its peak with 0.4 M NaCl and it remained phosphorylated until 1.5 M NaCl (Fig. 1D) . However, in the ssk1ste11 mutant, Hog1 required higher stress conditions to become phosphorylated (0.6 M NaCl) and when it reached its peak remained phosphorylated in a manner similar to that of the wild-type strain, except at 1.5 M where a decrease in Hog1 phosphorylation was observed (Fig. 1D) . When cells were exposed to 0.8 M NaCl in a time course, Hog1 from the wildtype strain was fully phosphorylated within 5 min and remained unaltered until 50 min (Fig. 1E) . Hog1 from the ssk1ste11 strain was also fully phosphorylated after 5 min of stress treatment, but unlike to Hog1 of the wild-type strain, phosphorylation began to decrease after 20 min, but was still detected after 50 min (Fig. 1E) .
Inactivation of Ssk1 and Ste11 affects cell growth in high-osmolarity media Hyperosmotic treatment of mutants in the HOG pathway allows for the identification of differential roles of Sho1-and Sln1-mediated inputs. When treated with 0.8 M NaCl, the pbs2 mutant displayed severe growth deficiency. In contrast, mutants deficient only in Sho1 (ste11) or Sln1 (ssk1) branches showed no growth deficiency under hyperosmotic stress and although Hog1 was still phosphorylated in the ssk1ste11 double mutant, we found that this mutant was highly sensitive to 0.8 M NaCl (Fig. 2A) . In order to determine the sensitivity level of the ssk1ste11 mutant compared to that of the hog1 strain we performed a spot dilution assay in the presence of different NaCl concentrations. We found that the ssk1ste11 strain showed sensitivity from moderate to high concentrations of NaCl (0.3-1.0 M) (Fig. 2B ). This observation indicates that the phosphorylation of Hog1 observed in the ssk1ste11 mutant was not sufficient to promote the adaptive response to hyperosmotic stress.
Inactivation of the Ptp2 phosphatase allows moderate growth of the ssk1ste11 mutant in high-osmolarity medium Phosphatases regulate Hog1 activity by dephosphorylation. We wanted to determine whether inactivation of some phosphatases would have an impact on the ssk1ste11 response to hyperosmotic stress. We deleted three genes encoding the phosphatases PTP2, PTP3, and PTC1, and determined the level of Hog1 phosphorylation. First, we measured Hog1 phosphorylation in wild-type and ssk1ste11 strains. We performed a time course assay using 0.8 M NaCl, extending the hyperosmotic shock times that were used in Fig. 1D . In this assay, the level of phosphorylated Hog1 in the wildtype strain remained constant until 50 min and then decreased markedly after 60 min (Fig. 3A,B ). In the ssk1ste11 strain, the level of phosphorylated Hog1 was at first similar to that of the wild-type strain and then it began to decrease after 20 min. When PTP3 and PTC1 were deleted in the ssk1ste11 mutant, phosphorylation of Hog1 under hyperosmotic stress was unchanged compared to the ssk1ste11 strain (Fig. 3A , B). However, inactivation of the nuclear Ptp2 produced a sustained phosphorylation of Hog1 that was similar to the kinetics of the wild-type strain (Fig. 3A) except that the level of phosphorylation was slightly lower in the ssk1ste11ptp2 mutant. We also determined the effect that phosphatase inactivation had on growth in high-osmolarity medium. We observed that ptp2, ptp3, and ptc1 single mutants grew as well as the wildtype strain in medium containing up to 0.8 M NaCl (Fig. 3C ). When Ptp2, Ptp3, or Ptc1 were deleted in the ssk1ste11 double mutant, we found that only the inactivation of Ptp2 produced a moderate increase in hyperosmotic stress resistance (Fig. 3D ).
Hog1 is translocated to the nucleus in the ssk1ste11 mutant after hyperosmotic treatment
Phosphorylation is necessary to allow translocation of Hog1 from the cytoplasm to the nucleus, and this is achieved in wild-type cells after 5 min of exposure to hyperosmotic stress [16] . We set out to determine whether or not Hog1 would translocate into the nucleus in the ssk1ste11 mutant upon treatment with 0.8 M NaCl. To this end, we established the cell localization of a green fluorescent protein (GFP)-tagged Hog1 protein, which fully complements the growth deficiency of a hog1 mutant in hyperosmotic medium. We observed that after 5 min of hyperosmotic treatment, Hog1 was localized into the nucleus in both the wild-type and the ssk1ste11 strains (Fig. 4A) . The fraction of Hog1 present in the nucleus was the same in both strains until 30 min of hyperosmotic treatment (Fig. 4B ). In the wild-type strain, the fraction of Hog1 detected in the nucleus at 40 min was less than 50%, and at 120 min Hog1 was fully retrotranslocated to the cytoplasm (Fig. 4A,B ). In contrast, at 40 min, approximately 75% of Hog1 was still present in the nucleus in the double mutant, dropping to just 70% after 120 min (Fig. 4B ). This result suggests that in the ssk1ste11 strain, Hog1 remains in the nucleus for a longer period although it is more rapidly dephosphorylated.
Hog1 in the ssk1ste11 mutant is unable to induce transcription of hyperosmotic stressresponsive genes and does not accumulate glycerol
Hyperosmotic treatment induces changes in the transcription of several genes required for short-and longterm responses. We measured transcription of a set of genes that are upregulated by Hog1 upon hyperosmotic treatment. Transcription levels of CTT1, STL1, and ALD3 were determined by northern blot analysis. High osmotic shock led to a strong induction of transcription in the wild-type cells (Fig. 5A) , while in the ssk1ste11 mutant induction of transcription was somewhat delayed and clearly reduced when compared to the wild-type strain (Fig. 5A) . Additionally, we determined expression of STL1 by means of a reporter b-galactosidase gene that was fused with the STL1 promoter. We found that b-galactosidase activity was not induced in the ssk1ste11 mutant after 30 min of treatment with 0.8 M of NaCl (Fig. 5B ) in contrast to the wild-type cells. STL1 expression in the double mutant was notably similar to the expression detected in the hog1 mutant after hyperosmotic treatment.
These observations indicate that in the ssk1ste11 strain, although Hog1 is phosphorylated and imported into the nucleus, it is unable to activate transcription of hyperosmolarity-responsive genes. We next asked whether the deficiency in Hog1-mediated transcription was due to lack of Hog1 association with chromatin. Thus, we performed a chromatin immunoprecipitation assay of HA-Hog1 and assessed its association with the promoter and ORF regions of two representative osmoresponsive genes (i.e., STL1 and CTT1). STL1 and CTT1 genes in the wild-type strain (Fig. 5C ). In contrast, the hyperosmotic treatment did not induce association of Hog1 with chromatin in the double ssk1ste11 mutant. The lack of Hog1 transcription activity correlates with the lack of chromatin binding in the double ssk1ste11 mutant.
Hog1 activation triggers glycerol production and accumulation. Glycerol is used to cope with the loss of water induced by high-osmolarity conditions. We measured glycerol content in wild-type and ssk1ste11 strains. We found that the mutant cells accumulated three times less glycerol than the wild-type cells when treated with 0.8 M NaCl for 40 min (Fig. 5D ). This finding is consistent with the aforementioned observation that phosphorylation of Hog1 in the ssk1ste11 strain did not induce the proper adaptive responses to stress.
The ssk1ste11 mutant has an altered cell cycle
In response to hyperosmotic stress, yeast cells must modulate their cell cycle in order to allow adaptation and survival. Hog1 has been implicated in the regulation of various phases of the cell cycle. We analyzed the impact of Hog1 phosphorylation in the cell cycle progression of the ssk1ste11 strain. First, we compared wild-type and mutant cell cycles under iso-osmotic conditions. Cell distribution in G1, S and G2/M stages was remarkably different between wild-type and mutant cells (Fig. 6A) . A very small fraction (10%) of ssk1ste11 cells were in G1 phase in asynchronous cultures, while most cells were in G2/M (62%). The wild-type cell culture, in contrast, contained a similar proportion of cells in G1 and G2/M phases. When treated with a hyperosmotic stimulus, the mutant cell cycle remained unaltered for approximately 90 min (Fig. 6B) .
In order to determine the differences in cell cycle phase transitions between the wild-type and mutant strains, we elutriated exponentially growing cells. This allowed us to separate cells in the G1 phase and determine their cell cycle progression with and without hyperosmotic shock. We observed that exit from G1 phase under iso-osmotic conditions was about 20 min faster in the ssk1ste11 mutant than in the wild-type strain (Fig. 7) . After 50 min, most ssk1ste11 cells had reached G2/M phases, while the wild-type strain contained a significant proportion of G1 cells. The hyperosmotic treatment induced a transient delay in the G1 phase that lasted about 60 min in the wild-type strain, while in the ssk1ste11 mutant this delay lasted close to 130 min (Fig. 7) . The behavior of the ssk1ste11 strain for 130 min was quite similar to that of the hog1 strain, which was arrested in G1 phase after the hyperosmotic shock. These observations indicate that in the absence of stress, the ssk1ste11 cells pass rapidly through G1, and in response to stress they are arrested in G1 in a manner similar to that of the hog1 mutant, suggesting a lack of adaptation.
Hog1 also modulates S phase progression in response to osmostress. Thus, we synchronized cells in S phase using hydroxyurea, which inhibits DNA replication. When the wild-type cells were treated with hydroxyurea in the absence of stress, they were able to fully exit from S phase in 60 min and G1 cells began to appear at 120 min (Fig. 8) . Under these conditions, the ssk1ste11 and hog1 strains behaved in a manner similar to the wild-type cells, except that they exited from S phase slightly earlier than the wild-type strain. Treatment with hyperosmotic shock delayed the wild-type cells' S phase exit for an additional 30 min, thus, these cells were released from S phase after 90 min and G1 cells appeared 120 min after the hyperosmotic shock. In contrast, the release from S phase was approximately 30 min slower in the ssk1ste11 strain compared with the wild-type strain and they did not reach G1 phase even after 180 min. The hyperosmotic treatment elicited the same behavior from the ssk1ste11 and hog1 strains (Fig. 8) . These results indicate that the ssk1ste11 strain is equivalent to the hog1 mutant when it is subjected to hyperosmotic stress while the cells are in the S phase of the cell cycle. Finally, we synchronized cells in the M phase by using nocodazol, which interferes with the formation of metaphase spindles. We found that the three strains followed a similar pattern of cell cycle progression under iso-osmotic conditions, except that the hog1 cells reached G1 phase some minutes earlier (Fig. 9) . When subjected to hyperosmotic stress, the wild-type and ssk1ste11 strains responded similarly except that the mutant strain showed a 30-min delay in progression to G1 phase. In contrast, the hog1 mutant remained in M phase much longer and only progressed to G1 after 180 min of hyperosmotic shock. These observations indicate that when the hyperosmotic stress occurs in M phase the ssk1ste11 delays cell cycle progression as compared to wildtype. The delay in cell cycle progression at any stage is more dramatic in the ssk1ste11 strain than in the wild strain, indicating a lack of adaptation of this strain in response to stress.
Discussion
The Hog1 phosphorylation by noncanonical pathways has not been extensively studied. Only a few reports indicate that Hog1 may be activated by an alternative mechanism in addition to the known sensors of the SHO1 and SLN1 branches [38, 39, 41] . The puzzling aspect was that although Hog1 seemed to be phosphorylated upon stress in the absence of those sensors, the cells remained sensitive to high osmolarity. For example, in mutant cells in which the SLN1 and SHO1 branches had been inactivated, Hog1 phosphorylation occurred under severe hyperosmotic conditions (1.4 M NaCl) [38] . In this case, Hog1 exhibited delayed nuclear accumulation compared with the wild-type cells and was transiently unable to induce gene transcription. In another study, hyperosmotic stress induced gene transcription in an ssk1ste11 mutant but to a different extent and with different profile compared to the hog1 mutant [41] . This transcriptional response allowed growth of the ssk1ste11 mutant in 0.125 M KCl but not in 0.5 M. Moreover, the phosphorylation of Hog1 by the alternative pathway in an ssk1ste11 mutant was shorter (with respect to time) than that of the wild-type strain, but it was sufficient to allow moderate growth in high sorbitol and high KCl [39] . In all cases, the alternative input required Pbs2 for activation of Hog1. Our results coincide to some extent with these studies but they also provide a more accurate description of the phenomena and of the outcome of this phosphorylation. We found that although phosphorylation of Hog1 in the ssk1ste11 mutant required higher stress conditions, it reached levels nearly identical to those reached by the wildtype strain at early times. We also found that Hog1 phosphorylation in the ssk1ste11 strain required Pbs2 autophosphorylation [40] and (b) Hog1 directly phosphorylates Ssk2 as a negative feed-back-loop [42] . However, we found here that upon 0.8 M NaCl, Ssk2 is phosphorylated in the absence of Ssk1 or Ssk1 Hog1 indicating that an alternative mechanism mediates the phosphorylation of the MAPKKK. A likely mechanism could consist in the interaction of a protein in the N-terminal region of Ssk2 promoting its autophosphorylation since the molecular shift observed is similar to that caused by Ssk2 autophosphorylation. Interestingly, the reassembling of actin after a hyperosmotic shock requires the kinase activity of Ssk2 but does not require Ssk1 [43, 44] . Our observations suggest that under high osmolarity, a complex of Ssk2, Pbs2, and Hog1, in which Ssk2 can be activated by autophosphorylation, can bypass the lack of Ssk1 and Ste11. Under these circumstances, Hog1 will require higher stress conditions to become fully phosphorylated. This observation suggests the existence of an input for Hog1 phosphorylation that is independent of Ssk1 and Ste11. These observations closely coincide with those reported by O'Rourke and Herskowitz [41] . Although Hog1 can be phosphorylated and transported into the nucleus in the ssk1ste11 mutant, this phospho-Hog1 did not associate with chromatin, could neither trigger expression of osmoresponsive genes nor induce glycerol accumulation. These observations suggest that the association of Hog1 with chromatin might need additional factors and explain why phospho-Hog1 was unable to generate osmoprotection at a high NaCl concentration, and why the ssk1ste11 strain was sensitive to osmostress as a result. Remarkably, it seems that the ssk1ste11 strain is slightly more sensitive to osmostress than the hog1 strain. This could be explained either by defects of this strain under normal conditions (i.e., cell cycle progression is different to that of the wild-type) or the lack of cross-inhibition that Hog1 exerts over other MAPK proteins, namely Kss1 and Fus3 [37, 41, 45, 46] and the ability of Hog1 to insulate them in the ssk1ste11 mutant after hyperosmotic stress [47] . The fact that in the ssk1ste11 mutant phosphorylated Hog1 was unable to induce osmoprotection could be due to the activity of protein phosphatases that downregulate Hog1. In our experiments we found that only the nuclear phosphatase Ptp2 had an effect on Hog1 phosphorylation in the ssk1ste11 mutant. The time span of phosphorylated Hog1 increased approximately 30 min in the ssk1ste11ptp2 mutant with respect to the ssk1ste11 mutant. However, this effect on Hog1 phosphorylation only slightly reverted the sensitivity of the ssk1ste11 mutant to hyperosmotic stress. Growth of the triple ssk1ste11ptp2 mutant in high-osmolarity medium was the same as that of the hog1 mutant under the same conditions, suggesting that phosphorylated Hog1 in the ssk1ste11ptp2 mutant is equivalent to a lack of Hog1. For the first 30 min, phosphorylated Hog1 in the double mutant equaled the kinetics of nuclear import compared with Hog1 of the wild-type strain. Surprisingly, a high proportion of Hog1 remained in the nucleus in the double mutant even in very long periods of time. This seems to contradict the fact that Hog1 is more rapidly dephosphorylated in the double mutant than in the wild-type strain, and this should induce its exit from the nucleus more rapidly than in the wild-type strain according to previous observations [16, 48] . However, the behavior of Hog1 in the ssk1ste11 mutant recalls those Hog1 point mutants that have partial kinase activity. Those versions of Hog1 can be translocated into the nucleus but they are atypically retained inside the nucleus [16, 35] due to binding with Ptp2 [35, 49] . Therefore, we believe that the longer nuclear retention of Hog1 in the ssk1ste11 strain is consistent with its lack of activity for induction of a protective response to hyperosmotic stress.
It should be noted that the ssk1ste11 double mutant already displays an altered cell cycle. An atypically high proportion of cells in the double ssk1ste11 mutant have a G2/M DNA content and both Ssk1 and Ste11 contribute to this phenotype. Treatment of these cells with hyperosmotic shock does not significantly affect the proportion of cells in G2/M in the double mutant, most likely because the cells already show a delay in this phase of the cell cycle. Additionally, when the ssk1ste11 cells are synchronized in the G1 phase and subjected to hyperosmotic stress, they behave in a manner similar to the hog1 mutant for a long period of time after the hyperosmotic shock, a likely indicator of deficient adaptation as shown by defects in transcription. This suggests that phosphorylated Hog1 in the ssk1ste11 strain cannot regulate G1/ S transition as in wild-type cells [24, 50] . Under normal conditions, Hog1 transiently downregulates expression of G 1 cyclins [51, 52] and phosphorylates the Cdk inhibitor Sic1, resulting in prolonged inhibition of G 1 cyclins [24, 25] , thus transiently delaying entry into S phase. Eventually, and once cells have responded and adapted to the hyperosmotic stress, cell cycle progression resumes [23] . Hog1 also induces a transient delay in S phase during an osmotic shock in order to avoid DNA replication. This is produced either by delaying the expression of Clb5 cyclins, or by the direct phosphorylation of the Mrc1 protein [26, 27, 51] . After this transient delay, wild-type cells leave S phase. The phosphorylated Hog1 in the ssk1ste11 mutant, however, fails to regulate these transitions and behaves in a manner similar to that of the hog1 mutant. Hog1 is also required for the regulation of the transition from G2 to M phases and for regulation of the M phase exit. This is done by either acting on Hsl1 [28] , or indirectly activating the Cdc14 phosphatase, which indirectly promotes degradation of Btype cyclins, and by dephosphorylating Cdk substrates that ultimately induce exit from mitosis [53, 54] . The ssk1ste11 mutant is also defective in exiting from the M phase as compared with the wild-type strain. It is worth noting that Hog1 controls the expression of Cdc28 by the expression of a IncRNA in antisense orientation on Cdc28 [55] . The upregulation of Cdc28 seems to be important for the cell cycle entry after the delay caused by stress. It is likely, then, that ssk1ste11 cells that are deficient in transcription regulation suffer from a deficient cell cycle entry as observed in this study.
Our study provides evidence that when Hog1 is phosphorylated in a strain with a defective connection with the osmosensors, the phosphorylation of the kinase is not sufficient to induce the major downstream functions required for osmostress adaptation.
Materials and methods

Strains and plasmids
Saccharomyces cerevisiae strains used in this work are listed in Table 1 . Escherichia coli DH5a strain was used to propagate plasmids. All single mutant strains were obtained from the yeast Knockout Collection and are listed in Table 1 . Double, triple, and quadruple mutants were generated by a PCR-based gene deletion strategy [56] using oligonucleotide mutagenesis. A detailed list of oligonucleotides used in this study is shown in Table 2 . 1 mgÁmL À1 5-fluororotic acid (FOA) was added to YPD for negative Table 1 . List of S. cerevisiae strains used in this study.
Strain
Genotype Source
BY4742
MATa, his3D1, leu2D0, lys2D0, ura3D0 Knockout collection BY1 MATa, his3D1, leu2D0, lys2D0, ura3D0, pbs2D::KanMX Knockout collection BY2 MATa, his3D1, leu2D0, lys2D0, ura3D0, hog1D::KanMX Knockout collection BY3 MATa, his3D1, leu2D0, lys2D0, ura3D0, ssk1D::KanMX Knockout collection BY4 MATa, his3D1, leu2D0, lys2D0, ura3D0, ste11D::KanMX Knockout collection BY5 MATa, his3D1, leu2D0, lys2D0, ura3D0, ptp2D::KanMX Knockout collection BY6 MATa, his3D1, leu2D0, lys2D0, ura3D0, ptp3D::KanMX Knockout collection BY7 MATa, his3D1, leu2D0, lys2D0, ura3D0, ptc1D::KanMX Knockout collection BY8 MATa, his3D1, leu2D0, lys2D0, ura3D0, sho1D::KanMX Knockout collection BY4741 MATa, his3D1, leu2D0, met15D0, ura3D0 Knockout collection BY9 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::NatMX This study BY10 MATa, his3D1, leu2D0, lys2D0, ura3D0, ssk2D::KanMX, ssk22D::KanMX This study BY11 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::NatMX, hog1D::URA3 This study BY12 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::NatMX, ptp2D::hph This study BY13 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::natMX, ptp3D::URA3 This study BY14 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::NatMX, ptc1D::URA3 This study BY15 MATa, his3D1, leu2D0, met15D0, ura3D0, ssk1D::KanMX, ste11D::natMX, sln1D::URA3 This study BY17 MATa, his3D1, leu2D0, lys2D0, ura3D0, ssk2D::KanMX, ssk22D::KanMX, ste11D::NatMX 
Growth conditions
Yeast cells were routinely grown overnight at 30°C on YPD (1% yeast extract, 2% bacto-peptone, 2% glucose) containing the appropriate antibiotics (100 lgÁmL À1 ). Cells carrying plasmids, were grown in SD (0.65% yeast nitrogen base, 2% glucose) with the 25 lgÁmL À1 of the required amino acids and nitrogen bases. For osmotic stress assays the cells were washed and suspended in YPD at OD 600 0.1 and were grown until OD 600 0.5. Serial dilutions were spotted on YPD plates containing the indicated NaCl concentrations. Plates were incubated at 30°C for 48 h and photographed.
STL1 promoter/LacZ gene fusion
To construct this fusion the STL1 promoter was amplified by PCR using the forward primer SLT1_BamH1_pro-moterFW (Table 2 ) which contained a BamH1 restriction site and the hybrid primer STL1_promoter_LACZRV ( 
Phosphorylation assays and immunoblotting
Cells grown in YPD were collected at midexponential growth phase, washed, and suspended in fresh medium and treated with different concentrations of NaCl and for different periods of time. Cells were fixed with 85% trichloracetic acid. An aliquot was used to determine protein concentrations by the Bradford assay. Cells were centrifuged and the pellets were lysed with SB-DTT buffer as previously described [58] . Protein samples were resolved by SDS/PAGE and transferred to Immobilon-Polyvinylidene difluoride membrane (Millipore, Edo. de M exico, M exico). Inmunoblotting was performed using anti-Hog1 (1 : 5000 yC-20; Santa Cruz Biotechnology, Dallas, TX, USA) for total Hog1 detection and anti-phospho-p38 (1 : 10 000; Cell Signaling Technology, Danvers, MA, USA) for Phospho-Hog1 detection as previously described [58] . All westerns were repeated three times and representative blots are shown in figures. Densitometry measurements were determined as the quotient of phosphorylated Hog1 divided by total Hog1 and normalized against phospho-Hog1 of the wild-type strain stressed with NaCl for 5 min. The pixel intensity was determined with the IMAGE STUDIO DIGITS Ver 5.0 software (Lincoln, NE, USA).
Mn
2+ -Phos-tag SDS/PAGE gels
Yeast cultures were grown to early log phase and subjected to osmostress at 0.8 M NaCl for 5 min; extracted proteins were applied to a 6% polyacrylamide gel containing 10 lM Phos-tag (Wako Chemical Industries, Richmond, VA, USA) and 20 lM MnCl 2 . Electrophoresis was carried out at 4°C for 3 h at 100 V. The gel was washed for 20 min at RT in 19 NuPAGE transfer buffer (Life Technologies, Thermo Scientific, Waltham, MA, USA) supplemented with 20% methanol, 5 lM EDTA, 2.5 mM Sodium pyrophosphate, and 5 mM sodium bisulfite. Proteins were transferred to a PVDF membrane for 2 h at 4°C. Ssk2-TAP was analyzed by western blot using an anti-PAP antibody (SigmaAldrich Qu ımica, Toluca, M exico). The Ssk2-TAP-tagged protein was obtained from the Yeast-TAP library (Open Biosystems, Dharmacon Co., Lafayette, CO, USA).
Gene expression analysis
For gene expression analysis, cells were grown in YPD medium until midexponential growth phase. Cells were treated or not treated with 0.8 M NaCl for different times. Total RNA was extracted from the samples and was probed using radiolabeled fragments CTT1 (1.7 kb), STL1
(1.7 kb), ALD3 (1.5 kb), and ENO1 (1.3 kb). Probes were prepared with [a-32 P]dCTP using the Prime-It II random primer labeling kit (Stratagene, La Jolla, CA, USA). RNA signals were detected with a phosphorimager (Typhoon 8600; Molecular Dynamics, Sunnyvale, CA, USA) using the IMAGEQUANT software (Molecular Dynamics).
Chromatin immunoprecipitation (ChIP)
Yeast cultures were grown to early log phase, then subjected to osmostress at 0.8 M NaCl; ChIP was done as described [59] . Briefly Hog1 tagged with hemagglutinin (HA) tag (Hog1-HA) was immunoprecipitated with anti-HA monoclonal antibody. For cross-linking, yeast cells were treated with 1% formaldehyde for 20 min at 25°C. STL1 and CTT1 promoter and ORF regions were analyzed by real-time PCR with the primers described [59] . The TEL sequence (telomeric region on the right arm of chromosome VI) was used as control. Experiments were done with three independent chromatin preparations and quantitative PCR analysis was done with a sequence detector (ABI 7700 ViiA7; Applied Biosystems, Foster City, CA, USA). Immunoprecipitation efficiency was calculated in triplicate by dividing the amount of PCR product in the immunoprecipitated sample by the amount of PCR product in the input sample. Data are presented as fold immunoprecipitation over TEL control (Occupancy).
Determination of b-galactosidase activity
Strains were grown in YPD and treated or not treated with 0.8 M NaCl for 30 min. Cells were collected and lysed as described [60] . b-Galactosidase-specific activity was determined by the method described by Miller [61] , and was expressed as nanomoles of ortho-nitrophenol produced per minute per milligram of protein. Protein concentration was determined by the Lowry assay, using bovine serum albumin as a standard.
Glycerol concentration
The Intracellular glycerol concentration was determined as described previously [62] . Cells were grown in YPD medium until OD 600 of 0.5. Cells were washed and suspended in fresh YPD. Cells were treated or not treated with 0.8 M NaCl for 40 min. The cells were collected by centrifugation and washed twice with 0.5 M Tris-HCl (pH 7.5). The pellets were resuspended in 700 lL of 0.5 M Tris-HCl (pH 7.5) boiled at 95°C for 15 min and centrifuged at 20 000 g at 4°C for 15 min. The supernatants were deproteinized with perchloric acid and centrifuged at 956 g at 4°C for 15 min. The pH of the supernatant was adjusted to 9 with KOH. Protein concentration was determined by the Lowry assay. Aliquots Two hundred and fifty milliliters of the cell extracts were mixed with 700 lL of 137 mM Glycine (pH 9.8), 686 mM Hydrazine, 1.37 mM MgCl 2 , 1.23 mM ATP, 0.49 mM nicotinamide adenine dinucleotide (NAD + ), 17 kU/L Glycerol-3-phosphate dehydrogenase, and the OD 340 was determined. After the addition of 0.85 kU/L Glycerol kinase, the reduction in NAD + was determined by the change in OD 340 . The OD was quantified using an automated analyzer (Spec Cary 100 UV/VIS).
Fluorescence microscopy
Yeast cells containing pRS416 or pRS-Hog1-GFP were grown in SD until OD 600 of 0.5. Cells were collected, washed, and suspended in fresh SD medium containing 0.8 M NaCl. Cells were incubated at 30°C for different times. The cells were fixed with 37% formaldehyde for 30 min and stained with 1 mgÁmL À1 DAPI (4,6-diamidino-2-phenylindole) for 30 s. The cells were centrifuged for 1 min and washed three times with 19 PBS. The supernatants were decanted and the cells pellet was suspended in the residual liquid. Cells were observed with an epifluorescence microscope. Images were taken using QCAPTURE PRO (version 6.0) software (QImages, Surrey, BC, Canada). The fluorescence was quantified with the ZEN WIDEFIELD 2012 software (Carl Zeiss, Thornwood, NY, USA). Statistical analysis was performed using the ANOVA test. The P values < 0.05 were consider significant.
Cell cycle analysis
Cells were grown in YPD until OD 600 0.7, and treated or not treated with 0.8 M NaCl. Cells were collected at the indicated times for each experiment. Cells were fixed overnight in 70% ethanol at 4°C. Cells were washed and treated with 2 mgÁmL À1 RNase (SIGMA) for 2 h at 37°C. 5 mgÁmL
À1
Pepsine (SIGMA) was added and the incubation continued for 45 min. Cells were stained with 1 lM SYTOX Green (Molecular Probes, Thermo Scientific) as indicated by the supplier. Cells were sonicated gently and analyzed in a FACScan flow cytometer (BD Biosciences, San Jose, CA, USA). Ten thousand cells were analyzed for each sample. FACS profiles were analyzed with WINMDI 2.9 software (http://en.bio-soft.net/other/WinMDI.html; J. Trotter, Scripps Research Institute, La Jolla, CA).
Isolation of G1 phase cells was performed by centrifugal elutriation [63] . Cells were grown at 30°C to late logarithmic phase in YEP (1% yeast extract, 2% bacto-peptone) containing 2% raffinose. Elutriation was performed in a Beckman JE 5.0 elutriation rotor. Centrifugation was done at 4042 g at 4°C in a Beckman J6 centrifuge. G1 cells were allowed to recover by adding YPD for 100 min before hyperosmotic treatment.
Synchronization at S phase was achieved by treating cells with 200 mM Hydroxyurea (Sigma-Aldrich) for 2 h at 30°C. After treatment cells were washed three times with fresh medium and then resuspended in prewarmed YPD.
Synchronization at M phase was performed by treating cells with 20 lgÁmL À1 Nocodazol (Sigma-Aldrich) for 3 h at 30°C. After treatment cells were washed three times with fresh medium and then resuspended in prewarmed YPD.
